ABSTRACT Electron-nuclear double resonance of copper was observed while monitoring the "intrinsic copper" electron paramagnetic resonance signal of cytochrome c oxidase (ferrocytochrome c:oxygen. oxi oreductase, EC 1.9.3.1) near g = 2.
splittings (hfs) from copper at X or Q band, has one principalaxis g value of less than 2.00, and has an anomalous temperature-dependent spin-lattice relaxation rate (7) (8) (9) . Simulations of X-band EPR spectra are consistent with the presence of a Cu(II) ion (5) , and Froncisz et al. (9) have recently reported the resolution in.2-to 4-GHz EPR of hyperfine structure that may be-from copper. However, it has also been noted that the spectra features listed above are characteristic of thiyl radicals (R-S.) (10) , and, in a recent electron-nuclear double resonance (ENDOR) investigation of cytochrome oxidase, proton and nitrogen ENDOR was observed, but copper could not be detected (11) .
To determine whether the metal ion is indeed part of this oxidation-reduction center, we have reinvestigated the ENDOR of cytochrome c oxidase. Although the EPR of cupric complexes is.almost invariably straightforward, the observation of ENDOR from the copper nucleus has been unaccountably difficult. We have recently studied the copper ENDOR of a number of blue copper proteins and found the proper conditions for its detection (unpublished, and see refs. 12 and 13) . The present communication reports the copper ENDOR from the intrinsic copper signal of cytochrome oxidase and presents a discussion of the electronic and geometric properties of this metal center.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1452 EXPERIMENTAL PROCEDURES Cytochrome c oxidase was prepared from beef heart mitochondria according to Hartzell and Beinert (14) and was stored in liquid nitrogen in 0.02 M Tris.HCI, pH 7.4/0.25% Tween 20. It had an enzymic turnover of 350 electrons per sec as determined by the method of Nicholls et al. (15) . Heme a concentration was determined spectrophotometrically by using a Ac605-6,0 = 13.1 mM-1 cm-1 (16) . All EPR and ENDOR spectra were recorded on enzyme preparations that were diluted by 50% with glycerol and contained a final concentration of 0.25 mM cytochrome aa3.
ENDOR experiments were performed at 2.0K, using the spectrometer described elsewhere (13) , to which has been added a WAVETEK model 2001 sweep generator and a Fabritek model 1074 signal averager. ENDOR spectra were obtained with a 100-kHz filed modulation amplitude of -4 G (1 G = 10-4 tesla) and radiofrequency (rf) field strength of t1 G in the rotating frame. Microwave power and rf sweep rate varied, as discussed below. EPR spectra simulations were calculated by using program SIM 14 (17) .
RESULTS
EPR. In Fig. 1 the X-band EPR spectrum of the g = 2 region of a frozen solution of cytochrome oxidase is shown. The signal from the "intrinsic Cu" site is free from features associated with adventitiously bound copper (7) and, except for possibly higher resolution brought about by the glycerol in the medium, is in complete accord with the spectrum published by van Camp et al. (11) . Both these spectra (see Fig. i f IACUI obtained at field A (Fig. 1 ). (16, 23) . Fig. 2a also shows that there are no additional proton ENDOR peaks with v > 25 MHz. Froncisz et al. (9) noted that a possible interpretation of the 2-to 4-GHz EPR spectra involves a large (t70 MHz) proton coupling. However, the absence of high-frequency peaks (Fig. 2a) , coupled with the observed shifts in the 20-to 25-MHz proton peaks with microwave frequency (11), appears to rule out the possibility. This is important in the analysis presented below.
With blue-copper proteins it was shown (refs. 12 and 13, and unpublished) that ENDOR from copper can be seen with higher microwave power levels (>100 MW) and by rapid scanning of the rf field (dv/dt > 20 MHz/sec). Under these conditions the slow relaxation associated with the 1H and "N signals causes them to blur and, in some cases, nearly to vanish. In contrast, the copper signals, which are quite broad and of opposite phase to the proton and nitrogen signals, intensify and are readily seen. Fig. 2b is a representative spectrum showing the copper ENDOR for cytochrome c oxidase and the almost complete suppression of the 1H and 14N signals under the conditions just described. The wider scan of Fig. 2c clearly shows the copper resonance below the flat baseline. The necessity of accumulating many rapid, wide scans and the unusual opposite phasing of the copper signal probably explains the previous failure to observe ENDOR from copper in this and other centers.
Copper ENDOR has been obtained at the three field positions indicated in Fig. 1 Thus a simulation is not included in Fig. 1 . This difficulty may be, in part, a consequence of the properties of the paramagnetic center, such as g strain, which also result in a field dependence of the spectrum resolution (3, 5, 9) . This field-dependent linewidth explains why simulations of Q-band EPR spectra are not improved by the inclusion of hyperfine couplings to copper (3), whereas their inclusion is required for any good X-band simulation. DISCUSSION The observation of ENDOR from copper (Cua) unambiguously demonstrates the presence of the metal atom in the "intrinsic copper" redox center of cytochrome c oxidase. The hyperfine coupling constants for Cua are largely isotropic and are the smallest known for a protein, with a maximum splitting about 1/2 that seen in the blue copper proteins (21). Although the exact values of the coupling constants are not of primary concern here, IACuI has been established by ENDOR. Computer simulations of the X-band EPR spectrum support this result (see ref. 5 and above) and indicate a value of IAcuI that is consistent with the ENDOR observations but lower than that inferred from S-band EPR studies (9) . IACuI is the smallest coupling.
Having determined that the EPR signal of Fig. 1 (24) (25) (26) . This picture is not contradicted by x-ray absorption edge spectroscopy (27) , and the 14N ENDOR can be interpreted as providing additional support.
By comparing the range of molecular orbital parameters that can describe the g-and A-tensor components of cytochrome c oxidase with those that can describe a well-characterized blue copper protein such as plastocyanin (28, 29) , it appears that the unusual magnetic parameters of the Cu of cytochrome oxidase can be accommodated by changes in mixing of the Cu orbitals, provided that they are coupled with changes in the d-d splittings, a-electron delocalization; or both. One might speculate that a distorted tetrahedral site for Cua with nitrogen(s) and more than one mercaptide sulfurs as ligands would achieve both the observed magnetic properties and the suggested high degree of covalency (27) . However, no concrete version of the Cu(II) model exists at present.
As noted by Peisach and Blumberg (10) , the g -2 EPR signal of cytochrome c oxidase is similar to that of a thiyl 7r radical (R-S-) (18) (19) (20) . After taking into account the present observation of copper ENDOR, more recent considerations would lead to a description of the paramagnetic site as a Cu(I) ion coordinated to a sulfur ur radical, with almost complete electron transfer to the metal and almost all the spin density on sulfur (30) . This model has also been suggested on the basis of x-ray edge and resonance Raman spectroscopies (31, 32) , although the former evidence has been controverted (27) The odd electron on R-So is located in a p-r orbital on sulfur (18-20, 33, 34) Taking the blue copper centers as a reference, the accepted interpretation of their optical spectra (27, 28) spin on copper would be largest for a direction normal to the Cu-S bond, whereas the largest contribution from spin on sulfur would be roughly along this bond (18, 21, 34 
